ABSTRACT Fungi and bacteria secrete glycoprotein cocktails to deconstruct cellulose. Cellulose-degrading enzymes (cellulases) are often modular, with catalytic domains for cellulose hydrolysis and carbohydrate-binding modules connected by linkers rich in serine and threonine with O-glycosylation. Few studies have probed the role that the linker and O-glycans play in catalysis. Since different expression and growth conditions produce different glycosylation patterns that affect enzyme activity, the structure-function relationships that glycosylation imparts to linkers are relevant for understanding cellulase mechanisms. Here, the linker of the Trichoderma reesei Family 7 cellobiohydrolase (Cel7A) is examined by simulation. Our results suggest that the Cel7A linker is an intrinsically disordered protein with and without glycosylation. Contrary to the predominant view, the O-glycosylation does not change the stiffness of the linker, as measured by the relative fluctuations in the end-to-end distance; rather, it provides a 16 Å extension, thus expanding the operating range of Cel7A. We explain observations from previous biochemical experiments in the light of results obtained here, and compare the Cel7A linker with linkers from other cellulases with sequence-based tools to predict disorder. This preliminary screen indicates that linkers from Family 7 enzymes from other genera and other cellulases within T. reesei may not be as disordered, warranting further study.
INTRODUCTION
Glycosylation is the covalent addition of polysaccharides to protein side chains, and is one of the most prevalent posttranslational modifications of proteins. Glycosylation serves many roles, such as facilitating recognition, imparting protease resistance, providing thermal stability, improving solubility, and modulating the rates of biological processes (1) (2) (3) . Although the complex, heterogeneous nature of protein glycosylation makes it difficult to achieve a molecular-level understanding of the biochemical processes involved, this remains an area of active research (3) (4) (5) .
Fungi and bacteria degrade cellulose and chitin with cocktails of synergistic enzymes, many of which contain N-and O-linked glycans (6, 7) . Because biomass is a vast source of fuels and products, elucidating the natural paradigms of carbohydrate conversion will enable the design of improved enzymes and enhance our understanding of how bacteria and fungi evolved with plants. The fungus Trichoderma reesei (Hypocrea jecorina) is one of the most thoroughly studied organisms that degrade plant cell walls (8) . T. reesei secretes a cocktail of enzymes for cell wall deconstruction and is a common platform for enzyme production in biofuel processes. Studies in T. reesei have shown that the expression host and growth conditions change glycosylation patterns, thereby affecting enzyme activity (9) (10) (11) (12) (13) (14) (15) ). Gaining a molecular-level understanding of the means by which cellulases degrade crystalline cellulose, including the role of glycosylation in enzyme activity, will lead to an improved understanding of enzymatic routes for biomass conversion and to rational strategies for activity improvements (16) .
The most abundantly produced cellulase from T. reesei is the Family 7 cellobiohydrolase (Cel7A), which is a multidomain, processive enzyme ( Fig. 1) . Cel7A consists of a carbohydrate-binding module (CBM) and a catalytic domain (CD) decorated with N-glycosylation (blue) connected by a linker with substantial O-glycosylation (yellow) (17) (18) (19) . Cel7A is hypothesized to extract single chains from cellulose, thread the chain into the CD tunnel, and employ hydrolysis to cleave the chain at every cellobiose unit (18) .
Because Cel7A provides most of the hydrolytic potential in T. reesei cocktails, many studies have aimed to elucidate the roles of each subdomain in Cel7A. The crystal structure of the CD has been solved (17, 18) , and mutagenesis has been conducted on the CD residues deemed relevant for catalysis and function (20, 21) . Various studies have demonstrated that expression host and growth conditions affect glycosylation (9) (10) (11) (12) (13) (14) (15) . The CBM structure has been solved (19) , and several studies have ascertained the role of specific residues (22, 23) . Additionally, on the basis of computational studies, our group predicted new functions of the Cel7A CBM (24) (25) (26) that are not readily accessible to experiment.
The Cel7A linker, however, has received less attention to date than the CBM and CD, and its role in catalysis is unknown. The Cel7A linker contains O-glycosylation, as shown in Figs. 1 and 2. The linker sequence and glycosylation pattern shown in Fig. 2 is one of the glycan patterns suggested in a study by Harrison et al. (11) , in which they quantified the extent and heterogeneity of mannose residues. They reported that the S and T residues in the linker have O-glycosylation, with a range of mannoses between 1 and 3 on each site.
Cellulase linkers have been hypothesized to serve several functions, such as acting as a hinge between the CBM and the CD (27) , as a torsional leash (11, 27) , as a spring (28) , and as a driver of the relative orientations of the CBM and CD. Additionally, the glycosylation has been hypothesized to prevent proteolysis (29) . Several studies have been conducted to characterize cellulase linkers from T. reesei (27, (30) (31) (32) and other organisms (28, (33) (34) (35) (36) (37) (38) . Early smallangle x-ray scattering (SAXS) studies on the Cel7A linker (30) (31) (32) suggested that the Cel7A and Cel6A enzymes adopt an extended conformation in solution.
In another study concerning the T. reesei Cel7A linker, Srisodsuk et al. (27) constructed two Cel7A mutants: one with a putative hinge (G1-G10) removed, and one with the entire linker (G1-P27) removed. The authors hypothesized that the putative hinge provides flexibility (from G) and length (from P), and that the glycosylated, stiff region provides the linker with rigidity to maintain sufficient extension between the CBM and CD. They also hypothesized that if the flexible portion of the linker is removed, the CBM and CD must bind simultaneously to hydrolyze cellulose. However, for the hinge (G1-G10) mutant, activity on crystalline cellulose was not affected, whereas the binding capacity at high cellulase loading was reduced. This result is incompatible with the loss of flexibility as hypothesized. Thus, the experimental results were not explained (we address this issue further below). In the mutant in which the entire linker was removed, the enzyme did bind to cellulose, but the activity was significantly reduced (27) .
Additional studies examined glycosylation from other cellulases from bacteria and fungi (33) (34) (35) (36) (37) (38) . Boisset et al. (37) examined the endoglucanase V from Humicola insolens with light scattering and determined that the linker adopts a conformation with an average of 2 Å per residue. Receveur et al. (36) examined the Family 45 cellulase from H. insolens, which has a 36-residue linker with~1.7 sugars per S or T residue, and used SAXS to measure the shape of the protein and several mutants. Their results indicate that the linker is extended and does not wrap around the CD. By examining an enzyme sans CBM, they found that the CBM does not alter the linker conformation. These results are important because they suggest that if the results are extendable to T. reesei Cel7A, studies of the conformational states of the linker alone will be relevant in terms of the conformational states of the enzyme with the CBM and CD.
Subsequently, von Ossowski et al. (28) constructed a double-headed cellulase from the two GH Family 6 cellulases from H. insolens connected by an 88-residue linker. On the basis of the SAXS results, the authors suggested that the linkers from these cellulases adopt random conformations. Most importantly, they noted that the linker can unwind to extended conformations with a low energetic cost. Additionally, the authors hypothesized that O-glycans drive the equilibrium distances between subdomains toward greater extension-a hypothesis that is addressed directly here.
Poon et al. (33) used NMR spectroscopy to examine the 20-residue linker from the Family 10 xylanase from Cellulomonas fimi. The C. fimi xylanase linker is composed of only two types of residues: P and T. Their results demonstrated that the linker samples different conformational states on picosecond-to-nanosecond timescales, which aligns with previous findings that linkers can unwind with relative ease (28) . The authors also noted that glycosylation dampens the linker mobility in solution. In an additional study on linkers as they relate to cellulose deconstruction, Noach et al. (38) crystallized four cohesins from Acetivibrio celluloyticus with three short linkers of 5-6 residues and one linker with 45 residues. In all cases, they found significant conformational diversity of the linkers in the crystal structures, which suggests that the linkers adopt varied conformations in solution.
The results from two simulation studies that examined the Cel7A linker (39, 40) have been interpreted as contradictory (41) . Zhao et al. (39) used constrained molecular dynamics FIGURE 1 Cel7A from Trichoderma reesei on cellulose. The conformation is from Zhong et al. (63) with added N-and O-glycan. The enzyme is shown in gray, the O-glycosylation on the linker is in yellow, and the N-glycan on the CD is in blue. Cellulose is in green, with a single cellodextrin chain threaded into the CD tunnel. The pictures were prepared with VMD (64).
-GNPPGGNPPGTTTTRRPATTTGSSPGP- (MD) to study the free energy along a reaction coordinate (RC) described by the end-to-end distance of the linker above a cellulose slab. The RC was chosen to test the inchworm mechanism hypothesis (36) . With 160 windows of 2 ns each, it was observed that the linker exhibits a significant free-energy barrier of~35 kcal/mol around 3.5 nm. However, Zhao et al. (39) reported that convergence along the RC is difficult to measure because the convergence of the simulations with a low-dimensional RC is a potential source of error in the free-energy profile. In another study, Zhong et al. (40) ran a 1.5 ns MD simulation of Cel7A on cellulose and stated that in this case the linker was quite flexible; however, the short simulation time used in that study is not adequate to make such a claim.
Ting et al. (41) constructed a kinetic model for the action of a processive cellulase, in which they modeled the CBM and CD as random walkers coupled via a spring for the linker. Their results indicate that the stiffness (as previously suggested by von Ossowski et al. (28)) and linker length are key to the hydrolysis rate and the intrinsic rate of hydrolysis of the CD. Although these results were obtained from a model with no atomistic details, they suggest that a molecular-level understanding of both the linker and the CD are important for improving cellulase activity. Additionally, Ting et al. (41) noted the lack of a reliable end-to-end distance distribution of a cellulase linker, which is provided here.
In this work, we studied the impact of O-glycosylation on the T. reesei Cel7A linker. The hypothesis examined here is that the glycosylated linker will adopt more-extended conformations because of excluded volume arising from glycosylation. To test this hypothesis, we conducted extensive simulations of the Cel7A linker with and without glycosylation. An implicit solvent model was used for enhanced sampling (42) (43) (44) , and two methods (MD simulation and replica exchange MD (REMD)) were used to sample the linker conformations. We show that O-glycosylation affects the equilibrium distance of the linker but has no effect on the flexibility measured as relative fluctuations in the end-toend distance distribution. Additionally, we show that both the putative hinge and stiff regions identified by Srisodsuk et al. (27) are flexible with and without glycosylation. We explain the results of Srisodsuk et al. (27) regarding the stiffness of the glycosylated region; specifically, we explain the reduction in binding affinity at high enzyme loading while maintaining wild-type activity by quantifying the flexibility of the stiff region. We provide quantitative measures of flexibility and equilibrium length for the linker, which are key parameters for coarse-grained models. Several parameters are given for comparisons with experimental measurements. On the basis of our results, the Cel7A linker is designated as an intrinsically disordered protein (IDP) (45) (46) (47) (48) (49) . Sequence-based tools are applied to linkers from other cellulases from T. reesei (8) and to other Family 7 cellobiohydrolases to determine the likelihood of disorder among cellulase linkers. The sequence-based calculations warrant further detailed study; however, they suggest that linkers from other T. reesei cellulases may be more ordered than the Cel7A linker, which may have ramifications for catalysis.
METHODS
The simulations described here were conducted with CHARMM (50). The CHARMM27 force field (50) with CMAP (51) was used for the peptide, and the C35 force field was used for the glycosylation (52) . The O-glycosylation pattern used here was suggested in a previous study (11) and is shown in Fig. 2 . The carbohydrates are linked by a1,2 bonds, as suggested by Deshpande et al. (5) . The protein-carbohydrate bond model was described previously (40) . The generalized Born model with molecular volume (GBMV2) was used as the implicit solvent model (42, 53) . The GBMV2 model circumvents the refitting of GB parameters for the C35 force field. The parameters for the GBMV2 model were as described previously (42) . The linker was simulated with capped termini. All MD simulations were conducted with a 1.5 fs timestep, SHAKE for the covalent bonds to hydrogen (54), a cutoff for nonbonded interactions of 18 Å , and Langevin dynamics at 300 K. For the nonglycosylated and glycosylated linkers, 360 ns of MD simulation were collected. For the REMD simulations, the temperatures were distributed exponentially between 300 and 550 K for both cases. Twelve replicas were used for the nonglycosylated linker, and 16 replicas were used for the glycosylated linker. The number of replicas was tuned to achieve acceptance rates of 40-50%. For both linkers, the replicas were equilibrated for 150 ps before swapping. Swaps were attempted every 3 ps as described previously (55); 40,000 swaps were attempted for 120 ns for each linker. Clustering algorithms were used to determine whether stable structures were present (56) . We varied the cluster counts from 2 to 30 using previously described metrics (56) . The trajectories were oriented based on the root mean-square deviation for the protein backbone.
We also characterized the end-to-end distance (R), the end-to-end distance of the putative hinge (R hinge ), the end-to-end distance of the putative stiff region (R stiff ), and the mass-weighted radius of gyration (R g ). The end-to-end distance is from the a carbon on residue 1 (G) to the a carbon on residue 27 (P). The putative hinge region identified in Srisodsuk et al. (27) is from the a carbon on residue 1 (G) to residue 10 (G), and the stiff region is from residue 11 (T) to residue 27 (P). The potential of mean force (PMF) is calculated for each of these order parameters by binning the simulation results in 1 Å bins and converting the resulting histograms to relative free energies by computing F/kT ¼ Àln[r] þ C, where F ¼ PMF, k ¼ Boltzmann's constant, T ¼ temperature, r ¼ bin value, and C is a constant. See the Supporting Material for an additional discussion of convergence metrics (57) and a bootstrapping error analysis for the free-energy curves.
We employed several algorithms contained in the Prediction of Naturally Disordered Regions (PONDR) suite (Molecular Kinetics, Indianapolis, IN) (45-48) for predicting protein disorder, including the VL3 algorithm, which is a feed-forward neural network trained on 152 disordered proteins characterized by various methods (46) . Also, the charge-hydrophobicity relationship previously described by Uversky et al. (58) was used to predict relative disorder in linker regions from other cellulases.
RESULTS
The autocorrelation time of the end-to-end distances of the glycosylated and nonglycosylated linkers is 2-3 ns in implicit solvent (Fig. S1) . For an MD simulation in explicit water, the autocorrelation time is >5 ns. Because simulations should be conducted to collect multiple autocorrelation times of variables of interest, this implies that the (40) are not converged. Before we performed the implicit solvent simulations in this study, we conducted MD umbrella sampling simulations in explicit solvent. Even though the total simulation time was >1 ms, the results did not converge. This suggests that using low-dimensional RCs to sample highdimensional space for this particular problem is not computationally tractable with explicit solvent, unless one can conduct significantly longer simulations than those used previously (39, 40) . Fig. 3 shows the relative free energy as a function of the end-to-end distance (R) from the REMD simulations. We report the free energy in kT units. The free energy as a function of R for the nonglycosylated linker exhibits a minimum at 37 Å . The glycosylated linker exhibits a minimum at 53 Å . Fig. 3 indicates that the most likely configuration for the glycosylated linker is at a 16 Å extension over the nonglycosylated linker from the excluded volume imparted by the O-glycan, as hypothesized. However, the linker is quite flexible in both cases measured by the stiffness of the linker defined by the shape of the distribution fitted to Hooke's law (i.e., a spring constant). With this definition of linker stiffness, the linker flexibility is not changed by O-glycosylation because the spring constants for the nonglycosylated and glycosylated linkers are equivalent ( Table  1) . The results shown in Fig. 3 are provided in Table S1 and  Table S2 . Table 1 provides the fitted parameters, namely, R 0 and the spring constant k for both linkers, which is fit by minimizing the sum of square error between Hooke's law and the results in Fig. 3 . At the extremes of the end-to-end distances sampled, the free energy to extension is~8-10 kT, which is readily accessible on the nanosecond timescale. Experimental methods can be applied to validate the results shown in Fig. 3 , including SAXS on the whole Cel7A enzyme and Förster resonance energy transfer on the linker alone.
We hypothesized that glycosylation would induce an excluded volume effect and provide extension. Another measure of the extension is the free energy as a function of protein side-chain contacts. In the Supporting Material, we provide the two-dimensional free-energy surfaces for the Cel7A linkers as a function of protein side-chain contacts and end-to-end distance. The glycosylated linker forms fewer side-chain contacts, and the free-energy minimum is located at a more extended set of conformations with fewer contacts (Fig. S2) .
The relative free energy as a function of the massweighted R g of both linkers is shown in Fig. 4 . The R g for the glycosylated Cel7A linker is significantly narrower than the nonglycosylated linker. The narrower distribution in R g results from the fact that the glycans are distributed around the center of the sequence (Fig. 2) .
As noted previously by Srisodsuk et al. (27) , the Cel7A linker exhibits a region from residues G1-G10 with four G residues and four P residues. The authors identified this as a putative hinge because of the inherent flexibility of G for rotation and the stiffness of the P residues. They hypothesized that the region from T11 to P27 is stiff because of glycosylation. Thus, they posited that removal of the hinge will reduce the conformational freedom of the CBM and CD, and thus influence the activity. However, they demonstrated that upon removal of this region, activity on crystalline cellulose was not affected, and the binding capacity at high enzyme loadings was reduced (27) . Upon removal of FIGURE 3 Relative free energy as a function of the end-to-end distance (R) from the REMD simulations for both glycosylated and nonglycosylated linkers from T. reesei Cel7A. R 0 for the nonglycosylated linker is 37 Å , and R 0 for the glycosylated linker is 53 Å . 
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Spring constants are nearly equal, but the equilibrium length is 16 Å more extended with glycosylation.
FIGURE 4 Relative free energy as a function of the mass-weighted R g for the glycosylated and nonglycosylated T. reesei Cel7A linkers. R g for the glycosylated linker includes the glycans, and thus the distribution is narrower because the sugars are close to the center of the peptide.
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the entire linker, activity on crystalline cellulose was significantly reduced. To explain their observations, we examined the end-to-end distance distributions of the putative hinge and stiff regions (R hinge and R stiff, , respectively). Fig. 5 shows the free energy for both linkers for both sections of the linker. As shown in Fig. 5 a, the presence of glycan has no effect on the hinge, which is stabilized at 16 Å . The putative stiff region, however, is significantly impacted in terms of the equilibrium distance, and it is this region that primarily gives rise to the differences seen in Fig. 3 . The REMD and MD simulations were analyzed for structural states and to examine the local effects of glycosylation on the intramolecular flexibility of each residue. Ramachandran maps were assembled for each residue in the linker (Fig. S3 ). The differences in the Ramachandran angles are seen near the glycosylation sites; specifically, T13, T14, and R15 exhibit helical content in the nonglycosylated linker, whereas there is no helical content in the glycosylated linker. It was not known a priori whether secondary structure is present in the Cel7A linker, but previous studies on other linkers suggest that cellulase linkers have no secondary structure (28, 33, 36, 37) . Additionally, from the results presented in Figs. 3-5 , we expected that no longlived secondary structure would be formed. The only secondary structure found from the REMD simulations is a small a-helix from residues 9-15 (Fig. S4) . However, this helix readily exchanges with other conformations, suggesting that it is not thermodynamically more favorable than an extended conformation. In the glycosylated REMD simulations, no secondary structure is observed. Additionally, a clustering analysis was conducted with multiple algorithms. Based on three clustering metrics, the DaviesBouldin index, the pseudo-F statistic, and the ratio of the sum-of-squares regression to the total sum of squares, we conclude that there is no optimal cluster size (Fig. S7) . On the basis of the simulations, this is expected because of the conformational flexibility observed in the linker. Fig. S8 shows the conformations of both linkers.
Because of the absence of secondary structure for the T. reesei Cel7A linker tested via exhaustive simulations, we designate it as an IDP (45) (46) (47) (48) (49) . Over the last decade, there has been significant interest in describing IDPs, and tools have been developed to predict intrinsic disorder based on sequence. From the predictions obtained here for the Cel7A linker, we conducted a sequence-based analysis of the entire Cel7A cellulase to determine whether available algorithms would select the linker region as the most disordered portion of the enzyme, and to ascertain the applicability of these tools for distinguishing classes of cellulases based on their linker flexibilities. The VL3 algorithm within the PONDR software (45-48) was applied to T. reesei Cel7A. The VL3 algorithm predicts disordered regions with a VL3 PONDR score > 0.5. The linker from T. reesei Cel7A is predicted to be a disordered region (Fig. S9 a) .
Because the PONDR algorithm identifies the Cel7A linker as disordered, we conducted a similar analysis for the Family 6 cellulase (Cel6A) and the four endoglucanases from T. reesei that have linkers, i.e., Family 7 endoglucanase I (Cel7B), Family 5 endoglucanase II (Cel5A), Family 61 endoglucanase IV (Cel61A), and Family 45 endoglucanase V (Cel45A). The sequences were obtained from the CAZy database (59) . The results are provided in the Supporting Material and illustrate that the PONDR algorithm predicts the linkers of the other cellulases from T. reesei to be disordered regions. Additionally, we screened a library of 11 other processive Family 7 cellobiohydrolases with the VL3 algorithm, and found that the PONDR algorithm identifies the linker region in each one as an intrinsically disordered region. These results are shown in the Supporting Material. An additional metric of protein disorder is the charge-hydropathy scale (58) . The basis of this algorithm is that at high absolute net charge and low hydropathy (or hydrophobicity), a protein is likely to be disordered, and vice versa at low absolute net charge and high hydropathy. The hydropathy is measured by means of the KyteDoolitle scale (60) . Fig. S14 shows the absolute mean net charge as a function of mean scaled hydropathy for Cel7A, Cel6A, and the four endoglucanases from T. reesei. 
The Cel7A linker is predicted to be more disordered than the other linkers in T. reesei cellulases. It should be noted that the charge-hydropathy relationship is calculated only for the linker section. The linker regions were chosen from the known sequences and are provided in the Supporting Material. Fig. S14 shows the charge/hydropathy relationship for additional processive Family 7 cellulases from other organisms. These results show two primary clusters, and the linkers from the Trichoderma genera (Hypocrea koningii, T. viride, and T. reesei) are predicted to be more disordered than linkers from other cellulases. The entire sequences of the Cel7A enzymes shown in Fig. S14 are listed in the Supporting Material. The primary sequence differences in the Family 7 cellulase linkers from the Trichoderma genera relative to the other linkers is the presence of one (T. viride), two (T. reesei), or three arginines (H. koningii) with few to no hydrophobic residues.
DISCUSSION

Experimental implications
The results presented here demonstrate that the Cel7A linker is highly flexible, making it an IDP, both with and without glycosylation (45, 46, 49) . Glycosylation provides excluded volume for extension and prevents the formation of secondary structure. The end-to-end distance distribution shown in Fig. 3 indicates that the Cel7A linker can change conformation rapidly. Few long-lived hydrogen bonds exist in either case. Overall, the results presented here demonstrate that the CBM and CD of Cel7A likely have significant conformational freedom relative to one another, and a relative operating range of~10-80 Å on the cellulose surface. Coupled with previous results, this suggests that the CD has significant freedom to search for an available reducing end of cellulose, whereas the CBM anchors Cel7A in discrete 1 nm wells on the hydrophobic face of cellulose (25, 26, 61) .
An important aspect of the data presented here is that the results do not support a two-state model of the Cel7A linker, which is related to the inchworm mechanism hypothesis (36) . Although our results do not directly probe the behavior of the linker on cellulose, given the flexibility of the linker and the size of the CBM and CD, it is likely that the linker remains~R10 Å above the cellulose surface while Cel7A is conducting catalysis. We hypothesize that, geometrically, the linker will have few interactions with cellulose, and thus the presence of a cellulose surface will likely not impact the linker flexibility in such a way as to give rise to two metastable states.
Srisodsuk et al. (27) described the activity observed after two changes to the Cel7A linker. The authors hypothesized that the portion of the Cel7A linker closest to the CD is a hinge, and that the glycosylated portion is stiff. Removal of the putative hinge, however, did not affect enzyme activity and reduced the binding affinity at high enzyme loadings. This result is incompatible with the hypothesis of Srisodsuk et al. that removal of the hinge would affect flexibility and thus impact activity. The results presented here indicate that the putative stiff region is actually quite flexible. Fig. 5 demonstrates that removal of the putative hinge region does not reduce the flexibility of the remaining linker region, and only reduces the maximum operating range from 7-8 cellobiose units to 5-6 cellobiose units. This in turn explains the observation of reduced binding affinity at high enzyme loading. Because the hinge linker is shorter, the distance between the CBM and CD is shorter. At high enzyme loadings, many of the enzymes will be bound to cellulose via CBM-cellulose interactions and will crowd the surface. With many enzymes bound to cellulose via their CBMs, and shorter (yet still flexible) linkers in the hinge mutant, the available volume to pack the same molar amount of a less extended enzyme is reduced because of the shortened tether from the CBM to the CD. This result suggests a further experiment: If the nonglycosylated Cel7A linker is indeed less extended than the glycosylated linker, as shown in Fig. 3 , we predict that removal of the O-linked glycans on the Cel7A linker (perhaps enzymatically) will not significantly impact activity, but the binding affinity may be reduced at high enzyme loadings, as previously observed by Srisodsuk et al. (27) .
To the extent of the glycosylation studied here on the Cel7A linker, the stiffness is not altered, as measured by the relative fluctuations in R. We note that more glycosylation could change the linker stiffness, which is now being probed computationally. Higher extents of glycosylation or glycans bonded via different types of linkages could be obtained experimentally by using a different expression host (9, 10) , different growth conditions, or different T. reesei strains (13, 14) . Further work is needed to measure the glycosylation extents and linkage types imparted to the Cel7A linker by these variables.
Ting et al. (41) suggested that changes in the Cel7A linker stiffness can affect enzyme activity, and demonstrated that changes in the linker stiffness impact the hydrolysis rate. They noted that there is no reliable measure of the stiffness and equilibrium distance for a cellulase linker, which we have provided here for one of the most relevant cellulases. This will allow direct modeling of the Cel7A cellulase with their model (41) . The results of our study will also enable investigators to make in silico mutations on the Cel7A linker to ascertain differences in protein flexibility, and to determine whether such differences or the addition of more glycans changes the inherent flexibility of the linker or the maximum operating range.
The results presented in the Supporting Material demonstrate that there may be a difference in the Cel7A linker relative to the endoglucanases and the Cel6A linker from T. reesei and the linkers from other organisms. In particular, Biophysical Journal 99(11) 3773-3781 the presence of arginine in the Cel7A linkers from Trichoderma species and the lack of hydrophobic residues lead to predictions of greater disorder. These observations warrant further study, both to validate the accuracy of the sequence-based charge-hydropathy measure of protein disorder and to probe the relative structure-function differences in fungal cellulase linkers.
Computational implications
Computationally, our approach provides a general means of examining small IDPs and glycoproteins. The limitations of this study primarily center on the use of an implicit solvent model. It is not possible to determine whether atomistic water structuring plays a role in stabilizing a given conformation. However, we note that the GBMV2 method is the most accurate implicit solvent method available for predicting the solvation-free energies of proteins and obtaining thermodynamically accurate descriptions of energy landscapes relative to explicit solvent and experiment (43, 44, 62) . As demonstrated previously by some of the authors of this study (39, 40, 63) , and as shown in Fig. 3 , it is difficult to adequately sample the conformational space in explicit solvent, and such an approach may take many tens of microseconds in explicit water. The use of implicit solvent, however, makes it possible to achieve enhanced conformational sampling at a fraction of the cost for explicit solvent.
CONCLUSIONS
In this study, we conducted thorough MD simulations to probe the molecular-level characteristics of the Cel7A linker. The salient points of this study are as follows:
1. The T. reesei Cel7A linker is an IDP with significant flexibility with or without O-glycans. 2. If the Cel7A CBM anchors the entire enzyme on the hydrophobic cellulose surface in 1 nm increments, as predicted in previous studies (25, 26) , the glycosylated linker will enable the CD to search for reducing ends on the cellulose surface with a maximum operating range of 7-8 cellobiose units with the native glycosylation pattern. 3. The biochemical results from the study by Srisodsuk et al. (27) , in which the putative hinge region was removed, can be explained in terms of a reduction in operating range in the flexible linker peptide, not by changes in flexibility as originally hypothesized. 4. Two parameters for coarse-grained modeling of Cel7A-the spring constant (k) and equilibrium distance (R 0 ) for the linker-are provided for both linkers. 5. Multiple measures for comparison with experiments, including the R g (SAXS), end-to-end distance distributions (Förster resonance energy transfer), and hydrogen-bonding patterns and transient secondary structure prediction (NMR), are provided. 6. The T. reesei Cel7A linker may be more disordered than other cellulases from the same organism, as well as other processive Family 7 cellobiohydrolases from other genera.
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